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SUMMARY

Synaptic circuits in the brain are precisely organized, but the processes that govern this precision are poorly
understood. Here, we explore how distinct embryonic neural progenitor pools in the lateral ganglionic
eminence contribute to neuronal diversity and synaptic circuit connectivity in the mouse striatum. In utero
labeling of Ta1-expressing apical intermediate progenitors (alP), as well as other progenitors (OP), reveals
that both progenitors generate direct and indirect pathway spiny projection neurons (SPNs) with similar elec-
trophysiological and anatomical properties and are intermingled in medial striatum. Subsequent optogenetic
circuit-mapping experiments demonstrate that progenitor origin significantly impacts long-range excitatory
input strength, with medial prefrontal cortex preferentially driving alP-derived SPNs and visual cortex pref-
erentially driving OP-derived SPNs. In contrast, the strength of local inhibitory inputs among SPNs is
controlled by birthdate rather than progenitor origin. Combined, these results demonstrate distinct roles

for embryonic progenitor origin in shaping neuronal and circuit properties of the postnatal striatum.

INTRODUCTION

A key question in neuroscience is how neuronal identity and pre-
cise synaptic connectivity within neuronal circuits emerges and
what critically guides this process. Studies in the dorsal telen-
cephalon have shown important and distinct roles for individual
embryonic progenitors (Yu et al., 2009; Yu et al., 2012; Cadwell
et al., 2020) or distinct progenitor pools (Tyler et al., 2015; El-
lender et al., 2019, in shaping neuronal identity and synaptic con-
nectivity in postnatal circuits. However, far less is known about
how embryonic progenitors in the ventral telencephalon
contribute to cellular diversity and neural circuitry in ventral
structures, such as the basal ganglia and striatum. These neural
progenitors are found in ganglionic eminences; transitory struc-
tures that generate most interneurons in the brain, and spiny pro-
jection neurons (SPNs) of the striatum (Halliday and Cepko,
1992; Wonders and Anderson, 2006; Wamsley and Fishell,
2017; Tinterri et al., 2018). Here, we focused on the neural pro-
genitors of the lateral ganglionic eminence (LGE) that generate
striatal SPNs during the latter part of embryogenesis (van der
Kooy and Fishell, 1987) and include radial glial cells, short neural
precursors, and subapical progenitors, among others (Olsson
et al., 1998; Stenman et al., 2003; Mason et al., 2005; Pilz
etal., 2013; Kelly et al., 2018), many of which have been charac-
terized also in cortical proliferative zones (Noctor et al., 2001,
2004; Gal et al., 2006; Kowalczyk et al., 2009; Stancik et al.,
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2010; Shitamukai et al., 2011; Wang et al., 2011; Franco and
Mdller, 2013; Taverna et al., 2014).

The striatum is the main input nucleus of the basal ganglia and
is key in the regulation of motor and cognitive function (Graybiel
et al., 1994; Grillner et al., 2005; Yin and Knowlton, 2006; Kravitz
et al., 2010; Cui et al., 2013; Tecuapetla et al., 2016). It can be
split into large functional domains, defined by anatomical subre-
gion and/or neurochemical expression, which are thought to
shape parallel functional pathways through the basal ganglia
(Graybiel and Ragsdale, 1978; Alexander et al., 1986; Graybiel,
1990; Haber, 2008; Pan et al., 2010; Oh et al., 2014; Hintiryan
et al., 2016; Hunnicutt et al., 2016; McGregor et al., 2019; Lee
et al., 2020). All domains contain a mixture of direct pathway
SPNs (dSPNs) and indirect pathway SPNs (iSPNs), the striatal
GABAergic projection neurons with distinct long-range outputs
(Day et al., 2008; Gertler et al., 2008) that process and integrate
excitatory inputs from distinct brain regions and interact via
lateral inhibitory connections in the striatum (Taverna et al.,
2008; Planert et al., 2010; Chuhma et al., 2011; Burke et al.,
2017; Krajeski et al., 2019). It has been shown that long-range
glutamatergic synapses from different cortical regions can
converge onto single SPNs (Reig and Silberberg, 2014) or
diverge and form biased synaptic connections on either dSPNs
or iSPNs (Wall et al., 2013; Johansson and Silberberg, 2020).
Local inhibitory connections between SPNs also exhibit biases
in that iSPNs form more frequent and stronger synaptic
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connections (Taverna et al., 2008; Planert et al., 2010; Cepeda
et al., 2013; Krajeski et al., 2019). Considering that young
SPNs exhibit complex migratory pathways and intermix during
development (Tinterri et al., 2018), how do precise striatal synap-
tic circuits develop? Do distinct SPN progenitor lineages and/or
birthdates important for striosome/matrix formation (Kelly et al.,
2018; Matsushima and Graybiel, 2020) also shape the develop-
ment of other striatal circuits? Are connectivity rules based on
embryonic progenitor origin as described in cortex (e.g., “out-
of-class” local connectivity biases [Ellender et al., 2019]) also
found in the striatum? To address such questions, we used
in utero electroporation (IUE) in mice to fluorescently pulse-label
two pools of LGE embryonic progenitors, distinguished by their
differential expression of the tubulin alphal (Ta1) gene (Gal
et al., 2006; Stancik et al., 2010), which was previously used to
selectively label short neural precursors in the cortical ventricular
zone (VZ) (Gal et al., 2006; Stancik et al., 2010; Tyler and Haydar,
2013; Ellender et al., 2019), in combination with electrophysio-
logical, anatomical, and optogenetic circuit-mapping studies to
explore how SPN embryonic origin shapes postnatal striatal
circuits.

RESULTS

The LGE contains distinct embryonic progenitor pools
that generate dSPNs and iSPNs

The embryonic LGE contains a diverse group of neural progeni-
tors (Pilz et al., 2013; Kelly et al., 2018). To genetically distinguish
between different progenitor pools, two DNA constructs were
electroporated: a Ta.1-Cre construct where Cre recombinase is
controlled by part of the Ta1 promoter (Stancik et al., 2010)
and a CBA-FLEXx reporter construct incorporating a flexible exci-
sion (FLEx) cassette where Cre recombination permanently
switches expression from the fluorescent protein TdTomato to
GFP (Franco et al., 2012; Figure 1A). 24 h post IUE, allowing
for recombination, the LGE contained both GFP and TdTomato
(TdTom) expressing cells, consisting of Ta1-expressing (Ta1%)
and non-Ta1-expressing (Ta17) neural progenitors and young
migrating neurons (Figure 1A). Throughout the paper, “n/n” re-
fers to number of cells and mice, respectively. Initial IUE was per-
formed at embryonic day (E)12.5 or E15.5 and greater numbers
of Ta1*/GFP* cells were observed after IUE at E15.5 (E12.5:

¢? CellPress

OPEN ACCESS

4.8% + 4.1% and E15.5: 34.5% + 3.0%, Mann-Whitney, p =
0.002, n = 250/7, and 1,204/17) (Figure 1B), suggesting Ta1-ex-
pressing progenitors form a large proliferating population during
later-stage neurogenesis. Hence, we focused on E15.5 for sub-
sequent studies. We found that Ta1*/GFP* and Ta1~/TdTom™
progenitor properties diverged in several ways. First, Ta1*/
GFP* progenitors returned to G1/S phase faster, as assessed
through labeling with the mitotic marker phospho-histone H3
(pH3) (at 16 h; Ta1*/GFP*: 19.85% + 7.15% and Ta1~/TdTom™:
5.18% + 1.72%, t test, p = 0.025, n = 318/6) (Figure 1C), suggest-
ing faster cell-cycle kinetics. Second, during division, many
Ta1*/GFP* progenitors had a short, rounded morphology (Fig-
ures 1D and S1A), whereas many Ta1~/TdTom* progenitors re-
tained their basal process (Ta1"/GFP™ + process: 20.6% + 4.7%
and Ta17/TdTom™ + process: 35.9% + 7.8%, Wilcoxon signed
rank, p = 0.029, n = 961/15) (Figures 1E, S1B, and S1C). These
distinct progenitors and their progeny were found intermingled
throughout the VZ in all LGE subregions (Stenman et al., 2003;
Flames et al., 2007; Tucker et al., 2008; Xu et al., 2018) and
showed similar lateral and horizontal migration 24 h post IUE
(Halliday and Cepko, 1992; Reid and Walsh, 2002; Tinterri
et al., 2018), although Ta1*/GFP*-labeled cells were found
slightly further from the ventricle (Ta1*/GFP*: 66.24 + 3.57 ym
and Tal17/TdTom™: 56.45 + 2.90 um, t test, p = 0.0055, n =
1,434/30) (Figures S1D and S1E), possibly reflecting faster cell-
cycle kinetics. Control experiments revealed recombination
occurred during embryonic development and accurately re-
flected the promoter driving Cre expression (Figure S2).
Together, these studies show that our labeling delineates two
apically dividing LGE progenitor pools: a Ta.1-expressing pool
similar in morphology and cell-cycle kinetics to short neural pre-
cursors and subapical progenitors (Pilz et al., 2013; Kelly et al.,
2018; Ellender et al.,, 2019) and a non-Ta1-expressing pool
similar to radial glial cells (Pilz et al., 2013; Kelly et al., 2018).
As many subapical progenitors derive from short neural precur-
sors (Pilz et al., 2013) and are therefore closely lineally related,
as both divide in the apical aspects of the LGE proliferative
zone, and to conform to nomenclature of similar cortical (Tyler
and Haydar, 2013; Ellender et al., 2019) and LGE embryonic
progenitors (Kelly et al., 2018), we refer to the GFP* Tal-
expressing progenitors collectively as apical intermediate pro-
genitors (alP). The TdTom* non-Ta1-expressing progenitors

Figure 1. Diverse LGE embryonic progenitor pools generate both dSPNs and iSPNs found intermixed in medial striatum

(A) IUE of Ta1-Cre and FLEx reporter plasmids labeled Ta1-expressing (Ta.1*/GFP*) and non-Ta1-expressing (Ta1~/ TdTom™) LGE progenitors.

(B) Ta1*/GFP* progenitors formed a large population during later embryonic stages.

(C) Ta1*/GFP* progenitors returned to a mitotic phase (M) earlier than To.1~/TdTom™* progenitors (at 20 h post E15.5 IUE; Ta1*/GFP*: 4.98% + 2.11% and Ta.1 7/
TdTom™*: 15.81% + 3.63%, t test, p = 0.036, n = 418/8). pH3 was used as a mitotic marker.

(D) Mitotic Ta1*/GFP* progenitors at the ventricle often had a rounded morphology lacking a basal process.

(E) In contrast, many mitotic Te1~/TdTom™ progenitors at the ventricle retained a basal process during division.

(F) The postnatal (P21-P35) striatum of IUE mice contained both alP- and OP-derived neurons with spiny dendrites (top, right) and expressed molecular markers
characteristic of striatal SPNs (bottom, left). alP- and OP-derived neurons were found both in MOR* patches (red) and MOR ™ matrix compartments (bottom right).
(G) Relative numbers of alP- and OP-derived neurons reflected the embryonic ratio of progenitors and were found in equal numbers within MOR* patches.
(H) Virtually all alP- and OP-derived neurons expressed the SPN markers CTIP2 and DARPP-32 and consisted of both PPE"/dSPNs and PPE*/iSPNs.

(I) Labeling for the markers DARPP-32 and CR (left) or PV and NPY (right).

(J) Little to no co-expression was seen in alP- or OP-derived neurons with interneuronal markers PV, NPY, or CR.

(K) alP- and OP-derived SPNs were found throughout striatum with on average a significant medial bias. Representative distribution of alP- and OP-derived SPNs
in an IUE brain (left). Scatterplot of dorsoventral and mediolateral position of all labeled SPNs (middle) and alP- and OP-derived SPNs (right). Data are represented
as mean + SEM.
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are referred to as other progenitors (OP), likely comprising a
more heterogeneous population.

Electroporated embryos were left to develop normally, and
postnatal brains (postnatal day [P] P21-P35) revealed many
GFP*- and TdTom*-labeled neurons interspersed throughout
the striatum, with a few also in the olfactory bulb (Stenman
et al.,, 2003; Figure S3D). Because the GFP* neurons were
born from alP progenitors, they are referred to as alP-derived,
whereas the TdTom* neurons generated from OP progenitors
are referred to as OP-derived (Figure 1F). Labeled neurons ex-
hibited the radial morphology of striatal SPNs with spiny den-
drites and expressed many SPN molecular markers (Figure 1F).
Quantification of progenitor-derived striatal neurons (a total of
>5,000 neurons in sections from 24 brains) revealed that the ratio
of alP- and OP-derived neurons reflected that of alP and OP pro-
genitors at E15.5 (alP-derived: 31.6% + 3.4% and OP-derived:
68.4% = 3.4%, t test, p = 0.00014, n = 24 brains) (Figures 1G
and S2G). Labeling for striatal markers showed that both could
be found in p-opioid receptor (MOR)-rich patches but were pre-
dominantly located in the MOR-poor matrix compartments (alP/
MOR™: 4.8% + 1.3% and OP/MOR*: 7.8% =+ 1.6%, n = 12 mice)
(Figures 1F and 1G). Virtually all labeled neurons co-localized
with the SPN markers CTIP2 (alP/CTIP2*: 99.6% =+ 0.4% and
OP/CTIP2*: 99.4% + 0.3%, n = 9 mice) (Figures 1F and 1H)
and DARPP-32 (alP/DARPP-32": 96.6% + 0.9% and OP/
DARPP-32*: 96.3% + 1.0%, n = 13 mice) (Figures 1H and 1),
thus indicating that most alP- and OP-derived neurons are
SPNs (Arlotta et al., 2008). Moreover, it showed that roughly
half of alP- and OP-derived SPNs expressed the iSPN marker
pre-proenkephalin (PPE) (Gerfen et al., 1990) (alP/PPE*:
35.2% + 7.0% and OP/PPE*: 48.2% + 5.3%, n = 9 mice) (Figures
1F and 1H). We did not find evidence for significant co-expres-
sion in alP- and OP-derived SPNs with the interneuronal markers
parvalbumin (alP/PV*: 3.2% + 1.2% and OP/PV*:2.1% + 1.2%,
n = 13 mice), neuropeptide Y (alP/NPY*: 0.0% + 0.0% and OP/
NPY*: 0.0% + 0.0%, n = 13 mice), or calretinin (alP/CR*: 0.0%
+ 0.0% and OP/CR™*: 0.03% =+ 0.03%, n = 13 mice) (Figures 1l
and 1J). Combined, these data suggest that alP and OP LGE
progenitors generate striatal SPNs consisting of both dSPNs
and iSPNs found in both patch and matrix compartments.

Finally, we performed unbiased stereological analysis of the
spatial distribution of alP- and OP-derived CTIP2* SPNs in stria-
tum (Figures 1G and S3A). Progenitor-derived SPNs were found
in all striatal regions (rostral, middle, and caudal striatum), how-
ever, the overall normalized position was biased toward the
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medial aspects (Wilcoxon signed rank, p = 0.000005, n =
2,246/15) (Figure 1H) but not the dorsal or ventral aspects (p >
0.05), with medial preference seen for both alP- and OP-derived
SPNs (alP-derived: 60% and OP-derived: 45% of sections, p <
0.016) (Figure 1H). We also found the relative alP- and OP-
derived SPN densities were similar between regions (Figure S3B)
but their spread differed significantly with OP-derived SPNs ex-
hibiting a greater spread (Figure S3C), suggesting different
migration patterns (Halliday and Cepko, 1992; Tan and Breen,
1993; Reid and Walsh, 2002; Tinterri et al., 2018).

alP- and OP-derived SPNs have similar electrical and
morphological properties

We next explored the electrophysiological and morphological
properties of alP- and OP-derived SPNs in dorsomedial striatum
(DMS), using whole-cell patch-clamp recordings and post hoc
reconstruction of recorded SPNs (Figures 2A-2C). A total of 39
alP-derived, 57 OP-derived, and 33 unlabeled (control) SPNs
(n =54 mice) were recorded to investigate various electrophysi-
ological properties (Figure 2D; Table S1). This revealed that alP-
and OP-derived neurons had remarkably similar properties
consistent with those of SPNs (Figure 2D; Table S1; Day et al.,
2008; Gertler et al., 2008; Krajeski et al., 2019) and only subtly
differed in their action potential threshold (alP: —39.64 =+
0.82 mV, OP: —37.11 = 0.83 mV and unlabeled: —36.92 +
1.24 mV; Mann-Whitney, p = 0.039) (Figure 2E) and membrane
time constant (alP: 3.41 £ 0.22 ms, OP: 2.72 + 0.15 ms and un-
labeled: 2.64 + 0.17 ms; Mann-Whitney, p = 0.009) (Table S1),
suggesting similar responsiveness to synaptic inputs.

A total of 13 alP-derived, 28 OP-derived, and 30 unlabeled
SPNs (n = 29 mice) were processed further with DAB for recon-
struction of dendritic arbors and/or spine counting (Figures 2E-
2G; Table S2). This revealed that alP-derived SPN soma were
subtly smaller, consistent with their longer membrane time con-
stants (Table S2). Although total dendritic length was similar (alP:
2,184.7 + 228.8 um, OP: 2,299.3 + 147.2 pym and unlabeled:
2,182.6 + 129.3 um; Kruskal-Wallis, p = 0.626) (Figure 2E) and
dendrites were radially oriented (Figure 2F), the alP-derived
SPNs had greater dendritic complexity close to the soma
(ANOVA, p =0.048, n=11/6 and 16/12) (Figure 2E) and a greater
overall number of branch points (alP: 19.55 + 1.65 and OP: 16.20
+ 1.40, Mann-Whitney, p = 0.05) (Table S2). Dendritic spine
counts revealed that alP-derived SPNs exhibited higher average
spine densities than OP-derived SPNs (alP: 0.28 + 0.02 spines/
pm and OP: 0.20 + 0.01 spines/um, t test, p = 0.0058, n = 13/8

Figure 2. Embryonic progenitor pool conveys subtle differences in SPN neuronal excitability and morphology
(A) Electrophysiological properties of progenitor derived SPNs (P21-P35) were assessed using whole-cell patch-clamp recordings in brain slices. Inset: SPN

response to current steps.

(B) Recorded SPNs (1) were labeled with biocytin and revealed in fixed tissue using immunofluorescence, and some tested for expression of CTIP2 and PPE.

Neighboring CTIP2*/PPE* neurons are also shown (*).

(C) Recorded SPNs were processed with DAB allowing for reconstruction and spine counting.

(D) Current steps were used to characterize the electrophysiological properties of SPNs. Note the small but significant difference in spike threshold between alP-
and OP-derived SPNs.

(E) Reconstructed SPN examples (left). Whereas no differences in total dendritic length were found (middle), alP-derived SPNs showed subtle but significant
greater proximal dendritic complexity (right).

(F) Polarity analysis revealed that all SPNs exhibited a similar radial morphology.

(G) Dendritic spine quantification revealed that alP-derived SPNs exhibited a higher average density of spines relative to OP-derived SPNs. Data are represented
as mean + SEM.
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and 28/18) (Figure 2G). Combined, these results suggest that
alP- and OP-derived neurons show remarkably similar electrical
and morphological properties consistent with SPNs and only
subtle differences in excitability and morphology.

Embryonic progenitor origin generates biases in long-
range cortical excitatory synaptic connections onto
SPNs

Biases in long-range excitatory synaptic connectivity in the cor-
tex can arise from distinct embryonic progenitor pools (Ellender
et al., 2018, 2019). Next, we explored whether alP- and OP-
derived SPNs differentially sample excitatory input coming
from distinct cortical regions. Because the progenitor-derived
SPNs were preferentially located in the medial aspects, we
focused on two dominant cortical regions projecting to DMS
(Pan et al., 2010; Oh et al., 2014; Guo et al., 2015; Hunnicutt
et al., 2016). This striatal area is thought to integrate heteroge-
neous, multimodal inputs coming from medial prefrontal cortex
(mPFC) (Laubach et al., 2018) and visual cortex (VC) (Khibnik
et al., 2014), with both regions directly innervating SPNs (Wall
et al., 2013; Khibnik et al., 2014; Reig and Silberberg, 2014;
Loewke et al., 2020). In young mice that had undergone
IUE to label alP- and OP-derived SPNs, these cortical
regions were targeted with localized injections (150 nL) of
AAV1-CAMKII-ChR2-GFP viral particles (Hammad et al., 2015;
Arruda-Carvalho et al., 2017) to transfect excitatory cortical
neurons with ChR2-GFP (Figure 3A). Three weeks later and
onward, simultaneous paired current-clamp recordings of alP-
and OP-derived striatal SPNs were combined with optical acti-
vation of cortical afferents (Figure 3A). This showed SPNs were
directly innervated by afferents from both mPFC and VC, and
synapses exhibited pronounced short-term depression in
response to optical stimulation trains, greatest for mPFC inputs
(Figure 3B), consistent with previous work and accurate cortical
region targeting (Hunnicutt et al., 2016; Lu et al., 2019). Interest-
ingly, we found a clear dissociation in the strength of excitatory
innervation of striatal SPNs derived from the different pools.
When axons from mPFC were activated, we saw a stronger
excitatory drive to alP-derived SPNs than to simultaneously re-
corded OP-derived SPNs, captured as an output bias toward
alP-derived SPNs of 0.73 + 0.04, where 0.5 represents equal
output (p = 0.00032, t test, n = 11/7) (Figure 3C). Conversely,
VC inputs provided a stronger excitatory drive to OP-derived
SPNs than to neighboring alP-derived SPNs (bias toward OP
of 0.33 + 0.05; p = 0.0054, t test, n = 10/9) (Figure 3D). Paired
recordings from unlabeled SPNs in the same sections showed
no systematic differences in inputs from either mPFC (0.54 +
0.08; p = 0.84, t test, n = 19/6) (Figure 3E) or VC (0.53 + 0.07;
p = 0.67, t test, n = 9/8) (Figure 3F). Other synaptic response
properties did not differ between recorded SPN pairs (Table
S3). Together, these results reveal that embryonic progenitor
origin strongly biases the long-range inputs from different
cortical regions onto striatal SPNs.

Local inhibitory synaptic connections are stronger
among SPNs with similar birthdates

We next studied whether embryonic progenitor origin also im-
pacts local inhibitory synaptic connections between SPNs
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(Taverna et al., 2008; Planert et al., 2010; Burke et al., 2017; Kra-
jeski et al., 2019). Indeed, it was recently shown that cortical
excitatory neurons prefer to make local synaptic connections
with neurons derived from other embryonic progenitor pools (El-
lender et al., 2019). To investigate this in striatum, we used opto-
genetic circuit-mapping approaches. First, we asked whether
dSPNs and iSPNs sample synaptic inputs from alP-derived
SPNs. We performed IUE at E15.5 of Ta1-Cre and floxed-
ChR2 plasmids (Saunders et al., 2012) in D1 or D2-GFP trans-
genic mice to selectively express the light-activatable channel
ChR2 in alP-derived SPNs and studied how dSPNs and iSPNs
sample afferents coming from alP-derived SPNs (Figure S4B).
Whole-cell voltage-clamp recordings (at +30 mV) of both dSPNs
and iSPNs were made in DMS and combined with brief blue light
pulses to activate afferents coming from alP-derived SPNs (Fig-
ure S4B). We found both dSPNs and iSPNs received synaptic in-
puts, and although evoked current amplitudes were similar
(dSPN: 25.48 + 9.28 pA, iSPN: 25.55 + 10.03 pA, Mann-Whitney,
p=0.71,n=17/10and 7/5) (Figure S4C; Table S4), the incidence
of finding a connection from alP-derived SPNs to dSPNs was
higher than to iSPNs (dSPN: 17/33; 51.5% and iSPN: 7/28 con-
nections; 25.0%; p = 0.040, Fisher’s exact) (Figure S4C), sug-
gesting preferential innervation of dSPNs.

We next studied how alP- and OP-derived SPNs sample local
GABAergic synaptic afferents coming from alP-derived SPNs.
We used IUE of Ta1-Cre, FLEX, and floxed-ChR2 plasmids to
selectively express ChR2 in alP-derived neurons and fluores-
cently label alP- and OP-derived SPNs (Figure 4A). Brief blue
light pulses generated action potentials in patched alP-derived
ChR2* SPNs (Figure 4B), and ChR2-expression did not seem
to affect their intrinsic properties (Table S1). Simultaneous
whole-cell voltage-clamp recordings from alP- and OP-derived
SPNs were combined with optical activation of afferents from
alP-derived SPNs, which generated prominent currents in re-
corded SPNs (Figure 4C). For alP-derived ChR2* SPNs, this con-
sisted of combined optical and synaptic currents (Figure 4D) so
all recordings were made at +30 mV, close to the ChR2-medi-
ated current reversal potential (Nagel et al., 2003; Berndt et al.,
2011), and the GABA receptor-mediated synaptic current
component was isolated by superfusing the GABAA receptor
antagonist SR95531 (120 nM) (Figures 4D and S4A; STAR
Methods; Stell and Mody, 2002). These data showed that both
alP- and OP-derived SPNs sample GABAergic afferents coming
from alP-derived SPNs, and both the incidence of synaptic con-
nections (alP: 47.5% and OP: 27.5%, p = 0.11, Fisher’s exact)
(Figure 3E) and the inhibitory postsynaptic current (IPSC) ampli-
tudes (alP: 55.05 + 15.29 pA and OP: 48.70 + 16.95 pA, Mann-
Whitney, p = 0.735, n = 19/11 and 11/6) (Figure 4E; Table S4)
were similar. This suggests that embryonic progenitor origin
does not significantly bias local synaptic connections between
SPNs. However, when exploring how unlabeled SPNs (i.e., of un-
known birthdate/origin) within the same sections sample inputs
from alP-derived SPNs, we found their postsynaptic IPSCs
had smaller amplitudes than those in E15.5 pulse-labeled alP-
and OP-derived SPNs (E15.5-labeled SPNs: 52.72 + 11.34 pA
and unlabeled SPNs: 28.02 + 6.42 pA, Mann-Whitney, p =
0.018, n=30/13 and 42/20) (Figure 4F), suggesting stronger syn-
aptic connections among SPNs with similar birthdates. We
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Figure 3. Differential innervation of alP- or OP-derived SPNs by long-range excitatory synaptic inputs from mPFC and visual cortex (VC)
(A) IUE at E15.5 of Ta1-Cre and FLEX reporter plasmids labeled SPNs as a function of their progenitor of origin (). Mice aged P1-P3 received a targeted injection of
AAVs encoding CAMKII-ChR2 into either mPFC or VC. (ii). After 3+ weeks (P21-P50), dual whole-cell current-clamp recordings were made from neighboring alP-
and OP-derived SPNs and ChR2-expressing cortical fibers activated optically (jii).

(B) Short-term plasticity at synapses from mPFC or VC onto striatal SPNs differed (p = 1.45E—30, ANOVA, mPFC n = 29/6 and VC n = 15/6).

(C) alP-derived SPNs had significantly stronger responses to activation of mPFC inputs than simultaneously recorded OP-derived SPNs (alP: 4.24 + 1.02 mV and
OP: 1.57 £ 0.52 mV, n = 11 pairs/7). This difference is expressed as an input bias. Plot of observed input bias in relation to age (right).

(D) In contrast, alP-derived SPNs had significantly weaker responses to VC inputs than simultaneously recorded OP-derived SPNs (alP: 0.79 + 0.27 mV and OP:

1.98 + 0.71 mV, n = 10 pairs/9).

(E and F) Dual recordings of neighboring pairs of unlabeled SPNs did not show systematic differences in postsynaptic responses to (E) activation of mPFC
afferents or (F) activation of VC afferents. Data are represented as mean + SEM.

found this is not unique to alP-derived SPNs because synaptic
connections between labeled SPNs using CAG promoter-driven
plasmids at E15.5 were also larger in amplitude than simulta-
neously recorded unlabeled SPNs of unknown birthdate (E15.5
ChR2" SPNs: 43.70 + 13.07 pA, E15.5 TdTom™ SPNs: 36.30 +
14.40 pA and unlabeled SPNs: 19.31 + 5.99 pA, E15.5 labeled
versus unlabeled, Mann-Whitney, p = 0.015, n = 12/10, 9/7 and
21/7) (Figure 4G).

Together, these results demonstrate that alP-derived SPNs
integrate within local striatal circuits, and that the neurogenic
stage (i.e., the time at which neurons are formed), rather than
embryonic origin, contributes to the future local inhibitory
connection strength among SPNs.

DISCUSSION

In summary, we combined in utero labeling of diverse LGE em-
bryonic progenitor pools with functional studies of their neuronal
offspring to define the relationship between progenitor diversity
and the cellular and circuit diversity in the postnatal striatum. The
labeling strategy distinguished two progenitor pools at a defined
embryonic stage and allowed for tracking of their progeny into
the postnatal striatum. Although this allowed us to identify
neuronal offspring derived from different pools, it provided
limited information on the lineage pathways taken by neurons.
Therefore, how alP and OP relate to other progenitors or follow
different lineage routes (Pilz et al., 2013; Kelly et al., 2018) needs

Cell Reports 35, 109041, April 27, 2021 7




¢? CellPress

OPEN ACCESS

Cell Reports

A E rs F
alP derived —_—
i ChR2+ (19/40 (11/40 (30/80 (42/110
In Utero Eé??:g?fg?mn (IUE) connected) connected) connected)  connected)
20 mv 5
G 11 1100 ms %
L)X N\ ns *
'S 100 —_— 100 —
! - ~ 8
<
x <& 75 & 75 o
[} [0} o
Tubulin a1 - Cre recombinase NBQX (20 pM) 3 E %
D-AP5 (50 pM) 3 50 S 50 g
Tl m@E) | alP derived £ ! = $ "
193 T
DIO-Channelrhodopsi ) g = ‘ g = ¢ g
-Channelrhodopsin ; o o &
P OP derived § !
EF-le » { CEE=NNEE 4 SPN ,){ ¥ 0 ’ kS
%.( 2
A Y ){g/ \* AS
FLExReporter : alP derived alP derived
PERA- -idiiemjaio €@y D ChR2+ SPN ChR2- SPN CAG - Cre recombinase
(1236 (@19 (21149
L. +30mV .. +30mV L C e connected) connected) connected)
S ’ CAG - TdTomato
E155 PO "P21-35 Lo
DIO-Channelrhodopsin 100 *
ERE- H-CEErEmmer—4H —
80
__________________________________________________ g
Striatum ) Striatum E155 = o
alP derived . 5
SPN - CIRZr £
- . SPN ©
| O
2
Unlabeled LA o
SPN + SR95531 om 0
(120 nM) SPN X ¥ 2
+30 mV ,’\ +30 mV ~ b o
alP derived OP derived 20 pA 15 pA ChR2+ Unlabeled «}Q
SPN SPN 1 1200 ms 1 (20 ms SPN SPN E15.5 ChR2+ SPN

Figure 4. Birthdate rather than progenitor origin impacts local striatal inhibitory connection strength

(A) IUE of Ta1-Cre, FLEX, and DIO-ChR2-eYFP plasmids enabled the expression of ChR2-eYFP in alP-derived SPNs and fluorescent labeling of alP- and OP-
derived SPNs. This allowed for optical activation of alP-derived SPNs in combination with targeted whole-cell voltage-clamp recordings of progenitor-derived
and unlabeled SPNs in postnatal tissue (P21-P35).

(B) Brief blue light pulses elicited single action potentials in alP-derived ChR2* SPNs.

(C) Dual patch-clamp recording of alP- and OP-derived SPNs. Inset: example traces of light evoked IPSCs in SPNs held at +30 mV.

(D) Detection of GABAergic currents in ChR2* and ChR2~ SPNs was facilitated through voltage-clamp of SPNs at +30 mV and superfusion of 120 nM SR95531
allowing for subtraction of residual currents from baseline currents.

(E) Incidence and strength of inhibitory synaptic connections from alP-derived SPNs to alP- or OP-derived SPNs was similar.

(F) Optical activation of alP-derived SPNs led to larger postsynaptic IPSCs in SPNs born from E15.5-labeled progenitors (left) compared to SPNs of unknown
developmental origin (right).

(G) IUE of CAG-Cre, CAG-TdTom, and DIO-ChR2-eYFP plasmids allowed for expression of ChR2-eYFP and/or the fluorescent protein TdTom in E15.5-labeled
SPNs. Photo-activation of ChR2* SPNs evoked larger postsynaptic IPSCs in SPNs labeled at E15.5 compared to SPNs of unknown developmental origin. Data
are represented as mean + SEM.

further study. Despite the heterogeneity of progenitor pools,
both generated dSPNs and iSPNs with similar intrinsic electrical
properties and morphologies and could be found throughout the
postnatal striatum conforming to the general distribution of
dSPNs and iSPNs (Gangarossa et al., 2013) and consistent
with recent findings of active intermixing of young SPNs (Tinterri
et al., 2018). The ability of distinct progenitor pools to generate
both dSPNs and iSPNs has also been seen for other embryonic
progenitor groups (Kelly et al., 2018), suggesting that additional
factors beyond pool of origin contribute to SPN subtype gener-
ation (Tepper et al., 1998; Lobo et al., 2006; Franco et al.,
2012; Kelly et al., 2018; Anderson et al., 2020; Sharma et al.,
2020; Zhang et al., 2016; Lu et al., 2014).
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We found that long-range excitatory glutamatergic synaptic
inputs proved a particularly sensitive discriminator of alP- and
OP-derived SPNs. This suggests that diverse LGE progenitor
pools can contribute to the establishment of parallel functional
pathways through the basal ganglia (Alexander et al., 1986;
Graybiel, 1990; Haber, 2008; Pan et al., 2010; Oh et al., 2014;
Hintiryan et al., 2016; Hunnicutt et al., 2016; McGregor et al.,
2019). Our data suggest that distinct information pathways
through the striatum based on neural progenitor origin co-exists
alongside integrated networks of converging multisensory path-
ways (Wilson et al., 1983; Nagy et al., 2006; Reig and Silberberg,
2014), divergent networks based on either dSPN/iSPN sub-divi-
sions (Wall et al., 2013), and striosome-matrix sub-divisions
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(McGregor et al., 2019; Matsushima and Graybiel, 2020). Lastly,
our data provide further evidence for direct functional glutama-
tergic projections to DMS from VC areas (Hikosaka et al.,
1989; Khibnik et al., 2014; Nagy et al., 2018) and mPFC (Choi
et al., 2019; Loewke et al., 2020). Interestingly, our observations
that mPFC strongly innervates alP-derived SPNs, which prefer-
entially innervate dSPNSs, fits with the idea of fine-scale subnet-
works dedicated to processing related information (Yoshimura
and Callaway, 2005; Ko et al., 2011) because dSPNs are also
preferentially driven by input from mPFC (Loewke et al., 2020).
We suggest the generation of such subnetworks can be facili-
tated by diverse embryonic progenitor pools. Although we did
not observe further changes in connection biases in mice up to
6 weeks old, whether or not these are retained over a lifetime re-
mains to be studied.

We found that neurogenic stage, rather than progenitor origin
(Ellender et al., 2019), determines the strength of local connec-
tions between SPNs, with SPNs of matching neurogenic stages
forming stronger inhibitory connections, reminiscent of findings
in hippocampus (Deguchi et al., 2011) and possibly acting along-
side other factors (Goffin et al., 2010). It will be interesting to see
whether stronger synaptic connections are also present among
SPNs with matched birthdates from different embryonic periods.
Together, our results suggest that SPNs, besides the canonical
striatal types based on expression of specific and mutually
exclusive markers such as D1- versus D2-type dopamine recep-
tors or enrichment of MORs, can also be functionally defined by
their embryonic progenitor origin and/or birthdate.

In conclusion, we show that the diversity in LGE embryonic
progenitors contributes to striatal cellular diversity, particularly
the establishment of parallel excitatory synaptic circuits into
striatum. Whether these distinct and segregated synaptic cir-
cuits derived from different embryonic progenitor pools are
maintained through the basal ganglia (Lee et al., 2020) and
what their functional role is, whether embryonic progenitor diver-
sity contributes to the phylogeny of striatal modules (Grillner and
Robertson, 2016), how embryonic progenitor pools map on the
SPN transcriptional heterogeneity (Gokce et al., 2016; Saunders
et al., 2018; Zeisel et al., 2018; Martin et al., 2019; Anderson
et al., 2020), and whether embryonic progenitors are implicated
in basal ganglia disorder etiology (Graybiel and Rauch, 2000;
Shepherd, 2013; Tyler and Haydar, 2013; Gunaydin and Kreitzer,
2016) remains to be investigated.
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Goat anti-rat AlexaFluor647
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Goat anti-rabbit AlexaFluor488
Chicken anti-GFP
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Mouse anti-DARPP32
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Donkey anti-mouse AlexaFluor488
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LifeSpan Biosciences
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
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Life Technologies

Life Technologies
Millipore

Immunostar

Life Technologies
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BD Bioscience

Life Technologies

Life Technologies
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NDS (Normal donkey serum)
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Tocris

Tocris

ThermoFisher Scientific
Sigma
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Vector Laboratories
Vector Laboratories
Vector Laboratories

Cat#B1758; CAS:98930-70-2
Cat#1262; CAS:104104-50-9
Cat#1246; CAS:139667-74-6
Cat#1044; CAS:118876-58-7
Cat#0106; CAS:79055-68-8
Cat#D1306; RRID:AB_2629482
Cat#D4168

Cat#PK-6100; RRID:AB_2336819

Cat#H-1000; RRID:AB_2336789
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Experimental models: viral strains
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Addgene

#26969-AAV1; RRID:Addgene_26969

Experimental models

Mouse: C57BL/6
Mouse: D1-GFP
Mouse: D2-GFP

Charles River
MMRRC
MMRRC

RRID:IMSR_CRL:027
RRID:MMRRC_000297-MU
RRID:MMRRC_000230-UNC

Deposited data

Neuronal reconstructions
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

WinWCP software University of Strathclyde http://spider.science.strath.ac.uk;
RRID:SCR_014713

Igor Pro Wavemetrics https://www.wavemetrics.com/;
RRID:SCR_000325

ZEN Zeiss RRID:SCR_013672

Open Lab Perkin Elmer RRID:SCR_012158

Imaged N/A RRID:SCR_003070

Stereolnvestigator
Neurolucida
Neuroexplorer
SPSS 17.0
Graphpad Prism 5.0

MBF Biosciences
MBF Biosciences
MBF Biosciences
IBM SPSS Statistics
Graphpad Software

RRID:SCR_002526
RRID:SCR_016788
RRID:SCR_001775
RRID:SCR_002865
RRID:SCR_002798

Recombinant DNA

Ta1-Cre Stancik et al., 2010 N/A

CBA-FLEx Franco et al., 2012 N/A
pAAV-EF1a-doublefloxed-hChR2(H134R)-mCherry- Saunders et al., 2012 Cat#20297; RRID:Addgene_20297
WPRE-HGHpA

pAAV-EF1a-doublefloxed-hChR2(H134R)-eYFP- Zhang et al., 2010 Cat#20298; RRID:Addgene_20298
WPRE- HGHpA

CAG-Cre Matsuda and Cepko, 2007 Cat#13775; RRID:Addgene_13775
CAG-TdTomato N/A Cat##59462; RRID:Addgene_59462
Other

BTX ECM 830 pulse generator

CUYB50P3 Tweezertrode
HM650V microtome
CoolLED pE-300 system
LSM710 microscope
DM5000B microscope

Zeiss Imager M2 microscope

VT1000S microtome

Genetronics
Sonidel

Microm

CoolLED

Zeiss

Leica

Zeiss

Leica Microsystems

RRID:SCR_016841
N/A
N/A
N/A
RRID:SCR_018063
RRID:SCR_012158
RRID:SCR_018876
RRID:SCR_016495

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tommas

Ellender (tommas.ellender@pharm.ox.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Original SPN reconstruction data have been deposited on Neuromorpho: https://Neuromorpho.org.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were carried out on C57BL/6 wild-type and heterozygous D1-GFP or D2-GFP mice of both sexes with ad libitum access
to food and water. The D1-GFP or D2-GFP BAC transgenic mice report subtypes of the dopamine receptor, either D1 or D2, by the pres-
ence of GFP (Mutant Mouse Regional Resource Centers, MMRRC) and correspond respectively to the D1-expressing direct pathway
(dSPNs) and D2-expressing indirect pathway (iISPNs). Details of the mice and the methods of BAC mice production have been published
(Gong et al., 2003) and can be found on the GENSAT website [GENSAT (2009) The Gene Expression Nervous System Atlas (GENSAT)
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Project. In: NINDS, Contracts NO1NS02331 and HHSN271200723701C, The Rockefeller University (New York), http://www.gensat.org/
index.html]. The BAC transgenic mice were backcrossed to a C57BL/6 background over 20+ generations prior to use and kept as a
heterozygous mouse line. All mice were group housed, bred, IVC housed in a temperature-controlled animal facility (normal 12:12 h
light/dark cycles) and used in accordance with the UK Animals (Scientific Procedures) Act (1986) and with prior approval from the local
Ethical Review committees. Females were checked for plugs daily; the day of the plug was considered embryonic day (E)0.5.

METHOD DETAILS

Experimental design

This study did not involve randomization or blinding, except for morphological reconstructions, which were blind to neuron type, and
study of long-range inputs to SPNs, which were blind to cortical injection site. We did not estimate sample-size before carrying out
the study. No data or subjects were excluded from the analysis.

In utero electroporation

In utero electroporation (IUE) was performed using standard procedures. In short, pregnant females were anaesthetized using
isoflurane and their uterine horns were exposed by midline laparotomy. A mixture of plasmid DNA and 0.03% fast green dye was
injected intraventricularly using pulled micropipettes through the uterine wall and amniotic sac. Plasmid DNA included: (i) ‘Ta1-
Cre’, in which the gene for Cre recombinase is under the control of a portion of the Ta1 promoter (Stancik et al., 2010); (ii) ‘CBA-
FLEX’ which uses the chicken B-actin promoter to control a flexible excision (FLEX) cassette in which Cre recombination switches
expression from TdTomato fluorescent protein to enhanced green fluorescent protein (Franco et al., 2012); and (jii) ‘DIO-ChR2-
mCherry’ (pAAV-EF1a-doublefloxed-hChR2(H134R)-mCherry-WPRE-HGHpA; Addgene #20297), in which Cre recombination turns
on the expression of channelrhodopsin-2 (ChR2) under the control of the human elongation factor-1a promoter (Saunders et al.,
2012), (iv) ‘DIO-ChR2-eYFP’ (pAAV-EF1a-doublefloxed-hChR2(H134R)-eYFP-WPRE- HGHpA; Addgene #20298), in which Cre
recombination turns on the expression of ChR2 under the control of the human elongation factor-1a promoter (Zhang et al.,
2010); (v) ‘CAG-Cre’, in which the gene for Cre recombinase is under the control the CAG promoter (Matsuda and Cepko, 2007)
or (vi) ‘CAG-TdTomato’, in which the expression of the TdTomato fluorescent protein is under the control of the CAG promoter. Total
volume injected per pup was ~1 pl. Ta1-Cre and CBA-FLEX constructs (and other combinations of constructs) were thoroughly mixed
and injected at equal ratios (stock concentration of all plasmids was ~3.0 ug/ul, so final concentration of two plasmid constructs in
1:1 ratio was 1.5 pg/ul) and exhibited robust and faithful expression at these concentrations (Ellender et al., 2019). The negative pole
of the Tweezertrode (Sonidel) was placed just above the primordial ear outside the uterine muscle and the positive pole was placed
slightly lower at the contralateral cheek region (Baumgart and Baumgart, 2016). Five pulses (50 ms duration separated by 200 -
950 ms) at 42-55V were given with a BTX ECM 830 pulse generator (Genetronics). Typically, around 80% of the pups underwent elec-
troporation. Afterward the uterine horns were placed back inside the abdomen, the cavity was filled with warm physiological saline
and the abdominal muscle and skin incisions were closed with vicryl and prolene sutures, respectively. Dams were placed back in a
clean cage and monitored closely until the birth of the pups.

Viral intracerebral injections

Postnatal day 1-3 pups were anaesthetized by hypothermia and small volume injections (150 nl) of AAV1-CAMKII-hChR2(H134R)-
EYF (Addgene, #26969-AAV1) were unilaterally made in medial prefrontal cortex (mPFC) or visual cortex (VC) of electroporated
pups while the mice were stabilized on ice. Injections were ipsilateral to electroporated striatal regions, with approximate coordinates
for mPFC (from Bregma, AP: +0.3-0.5, ML: 0.1, DV: —0.5-0.9) (Arruda-Carvalho et al., 2017) and for VC (from Lamda, AP: +0.1-0.3,
ML: 1.5-2.5, DV: —0.7-1.0) (Hammad et al., 2015).

Slice preparation and recording conditions

Acute striatal slices were made from postnatal animals at 3-5 weeks of age, corresponding to young adulthood (Krajeski et al., 2019),
unless otherwise indicated. Animals were anaesthetized with isoflurane and then decapitated. Coronal slices of 350-400 um were cut
using a vibrating microtome (Microm HM650V). Slices were prepared in artificial cerebrospinal fluid (aCSF) containing (in mM): 65
Sucrose, 85 NaCl, 2.5 KClI, 1.25 NaH,PO,4, 7 MgCl,, 0.5 CaCl,, 25 NaHCO3; and 10 glucose, pH 7.2-7.4, bubbled with carbogen
gas (95% O, / 5% CO,). Slices were immediately transferred to a storage chamber of recording aCSF containing (in mM): 130
NaCl, 3.5 KClI, 1.2 NaH,PO,4, 2 MgCl,, 2 CaCl,, 24 NaHCO3 and 10 glucose, pH 7.2 - 7.4, at 32°C and bubbled with carbogen
gas until used for recording. Striatal slices were transferred to a recording chamber and continuously superfused with aCSF bubbled
with carbogen gas with the same composition as the storage solution (32°C and perfusion speed of 2 ml/min). Whole-cell patch-
clamp recordings were performed from one to four SPNs simultaneously in dorsal striatum using glass pipettes (~6MQ), pulled
from standard wall borosilicate glass capillaries and contained for whole-cell current-clamp (in mM): 110 potassium gluconate, 40
HEPES, 2 ATP-Mg, 0.3 Na-GTP, 4 NaCl and 4 mg/ml biocytin (pH 7.2-7.3; osmolarity, 290-300 mosmol/l) and for whole-cell
voltage-clamp (in mM): 120 cesium gluconate, 40 HEPES, 4 NaCl, 2 ATP-Mg, 0.3 Na-GTP, 0.2 QX-314 and 4 mg/ml biocytin
(pH 7.2-7.3; osmolarity, 290-300 mosmol/L). Recordings were made using Multiclamp 700B amplifiers and filtered at 4kHz and
acquired using an InstruTECH ITC-18 analog/digital board and WinWCP software (University of Strathclyde) at 10 kHz.
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Stimulation and recording protocols

Hyperpolarizing and depolarizing current steps (—500pA to +500pA) were used to assess the intrinsic properties of recorded SPNs in
the dorsomedial striatum including input resistance and spike threshold (using small incremental current steps), as well as the
properties of action potentials (amplitude, frequency and duration). Properties were assessed immediately on break-in. A distinction
between striatal SPNs and interneurons was made based on our previous experience (Ellender et al., 2011; Krajeski et al., 2019) and
involved a combined assessment of resting membrane potential, input resistance, delay to firing and overall action potential fre-
quency, and if in doubt neurons were not taken further for experiments. Activation of excitatory cortical afferents was performed
in the presence of blockers of inhibitory GABAergic transmission including the GABAx-receptor antagonist SR95531 (1 uM) and
the GABAg-receptor antagonist CGP52432 (2 pM). Activation of inhibitory local connections between SPNs was performed in the
presence of blockers of excitatory glutamatergic transmission including the AMPA/kainate-receptor antagonist NBQX (20 uM)
and the NMDA-receptor antagonist D-AP5 (50 uM). In these sets of experiments all SPNs were voltage-clamped at +30mV and
optical activation led to inhibitory postsynaptic currents and/or photocurrents in recorded SPNs. To distinguish between postsyn-
aptic currents and photocurrents slices were superfused with 120 nM SR95531 for more than 8 minutes, while keeping SPNs at
—70mV, after which SPNs were again voltage-clamped at +30mV. Photoactivation of ChR2 was achieved using widefield 2-5 ms
duration light pulses of ~1 mW via a TTL triggered CoolLED pE-300 system (CoolLED, Andover, UK). Afferents were activated every
5-10 s with up to 20 repetitions and excitatory postsynaptic responses (EPSPs) or inhibitory postsynaptic responses (IPSCs)
recorded from the patched SPNs. Optogenetic circuit mapping experiments consisted of single up to quadruple simultaneous
patch-clamp recordings of different SPNs in dorsomedial striatal regions containing strong ChR2* neuronal or axonal
labeling. In the case of single neuron recordings they were performed sequentially with the same region. SPNs were sampled within
50 - 100 um of each other and stimulation parameters were kept constant across recording days.

Analysis of recordings

Data were analyzed offline using custom written programs in Igor Pro (Wavemetrics). The input resistance was calculated from the
observed membrane potential change after hyperpolarizing the membrane potential with a set current injection. The membrane time
constant was taken as the time it takes for a change in potential to reach 63% of its final value. The spike threshold was the membrane
voltage at which the SPN generated an action potential. The action potential amplitude was taken from the peak amplitude of the
individual action potentials relative to the average steady-state membrane depolarization during positive current injection. Action
potential duration was taken as the duration between the upward and downward stroke of the action potential at 25% of the
peak amplitude. Optically evoked excitatory postsynaptic potentials (EPSPs) and inhibitory postsynaptic current (IPSCs) were
defined as upward or downward deflections of more than 2 standard deviations (SD) from baseline as measured from averaged syn-
aptic responses generated after filtering and averaging original traces (0.1 Hz high-pass filter and 500 Hz low-pass filter) and used for
analysis of synaptic properties. To isolate the IPSC component from combined photo- and synaptic currents in ChR2 expression
neurons the residual current after superfusion of SR95531 (120 nM) were subtracted from the combined current. Synaptic properties
include measurements of peak amplitude, duration (measured from the start of the upward/downward stroke of the event until its
return to the pre-event baseline), rise time (time between 10% and 90% of the peak amplitude) and decay time (measured as the
time from peak amplitude until the event returned to 50% of peak amplitude).

Histological analyses

Following whole-cell patch-clamp recordings the brain slices were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH
7.4). Biocytin-filled neurons were visualized by incubating sections in 1:10,000 streptavidin AlexaFluor405-conjugated antibodies
(ThermoFisher Scientific). Visualized neurons were labeled for COUP TF1-interacting protein 2 (CTIP2, 1:1000) and pre-proenkepha-
lin (PPE, 1:1000) in PBS containing 0.3% Triton X-100 (PBS-Tx) overnight at 4°C, followed by incubation with goat-anti-rat
AlexaFluor647 (1:500) and goat-anti-rabbit AlexaFluor555 (1:500) or goat-anti-rabbit AlexaFluor488 (1:500) secondary antibodies
in 0.3% PBS-Tx for 2h at RT for dSPN or iSPN classification. CTIP2 is expressed by SPNs and not interneurons (Arlotta et al.,
2008) and PPE reliably labels iSPNs (Lee et al., 1997; Sharott et al., 2017). PPE antibody staining was facilitated through antigen
retrieval by heating sections at 80°C in 10 mM sodium citrate (pH 6.0) for approximately 30-60 min prior to incubation with the
PPE primary antibody. Occasionally the endogenous fluorescence would be boosted with antibodies against GFP (1:1000, chicken)
or TdTomato (1:1000; rat) or slices were co-stained with the nuclear marker 4’,6-diamidino-2-phenylindole (DAPI) in PBS (1:100,000)
to facilitate the delineation of brain structures. After classification of SPNs, the slices were washed 3 times in PBS and processed for
DAB immunohistochemistry using standard procedures. Whole-brain fixation of embryonic and adult IUE brains was performed by
rapid decapitation of the head and submersion in oxygenated sucrose cutting solution before submersion in 4% paraformaldehyde in
0.1 M phosphate buffer (PB; pH 7.4). The brains were fixed for 24 — 48 hours, after which they were washed in PBS. Whole-brain tissue
was either directly (for postnatal tissue), or after embedding in 5% agar (for embryonic tissue), sectioned at 50 um on a vibrating
microtome (VT1000S; Leica Microsystems). All sections were pre-incubated in 10%-20% normal donkey serum (NDS; Jackson
ImmunoResearch) or normal goat serum (NGS; Vector Laboratories) in PBS for more than 1h at RT. GFP* (Ta1") and TdTom*
(Ta1") progenitors and neurons were predominantly visualized without antibody-mediated augmentation of fluorescence, but in
rare cases the endogenous fluorescence was boosted with antibodies against GFP (1:1000, chicken) or TdTomato (1:1000; rat)
and goat-anti-chicken AlexaFluor488 (1:500; Life Technologies) and goat-anti-rat AlexaFluor555 (1:500; Life Technologies).
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Embryonic tissue was co-stained in 1:100,000 DAPI in PBS to facilitate the delineation of brain structures and/or labeled for the
mitotic marker phosphohistone H3 (pH3) expressed by neural progenitors (1:500; rabbit). Adult tissue was co-stained in
1:100,000 4’,6-Diamidino-2-Phenylindole (DAPI) in PBS to facilitate the delineation of brain structures and/or labeled for the p-opioid
receptor (MOR, 1:3000, goat), COUP TF1-interacting protein 2 (CTIP2, 1:1000, rat), dopamine- and cAMP-regulated phosphoprotein
(DARPP-32, 1:250, mouse), parvalbumin (PV, 1:1000 guinea-pig), neuropeptide Y (NPY, 1:500, rabbit), calretinin (CR, 1:1000, rabbit)
and/or pre-proenkephalin (PPE, 1:1000, rabbit) with corresponding secondaries (all 1:500). DARPP-32, NPY and PPE staining was
facilitated through antigen retrieval by heating as described above. All sections were mounted in Vectashield (Vector Laboratories).

Stereology and analysis of tissue

Fluorescence images were captured with an LSM 710 confocal microscope using ZEN software (Zeiss) or Leica DM5000B epifluor-
escence microscope using Openlab software (PerkinElmer). Counting of labeled GFP* and TdTom™ progenitors and young neurons
and assessing their location within the embryonic brain was performed using ImagedJ on z stacks of ~40 um thickness. The reported
counts per embryonic brain were obtained by averaging counts from 2-3 sections to increase accuracy. In embryonic tissue yellow
cells could be seen occasionally, which were counted as GFP* and were assumed to have undergone recombination relatively
recently. Positive cells had a fluorescence signal that was at least twice the background fluorescence (measured from randomly
selected regions of the tissue). x- and y-coordinates of labeled cells were used to calculate both the distance from the ventricle
and spread. Counting of progenitor cell basal processes was performed in z stack projections of confocal stacks of ~40 pm thick-
ness. All clearly delineated processes above the subventricular zone and extending toward the pial surface were counted. M-phase
reentry after IUE for alP and OP was estimated through labeling of dividing progenitors with pH3 in tissue fixed at varying time-delays
after IUE (Stancik et al., 2010). Localizing GFP* and TdTom™ progenitors and young neurons in various sub-regions of the LGE was
performed using a combination of anatomical landmarks (Schambra and Schambra, 2008) and previous delineations (Flames et al.,
2007). Olfactory bulb analysis was performed using a total of 5 brains and all GFP* and TdTom™* cells were counted in z stacks of
~40 pm thickness. Progenitor-derived SPN counting and co-localization analysis for CTIP2, DARPP-32, PPE, PV, CR and NPY
was performed similar to Garas et al. (2016, 2018) and reported counts per brain were obtained by averaging counts from 2-3 sec-
tions to increase accuracy. In brief, a version of design-based stereology, the ‘modified optical fractionator’, was used to generate
unbiased cell counts and map distributions of neurons in rostral, middle and caudal sections of striatum (Franklin and Paxinos, 2008).
Once the chosen striatal coronal planes were identified and the immunofluorescence protocols carried out, the dorsal striatum was
delineated using a Zeiss Imager M2 epifluorescence microscope (Carl Zeiss) equipped with a 20X (Numerical Aperture = 0.8) objec-
tive and Stereolnvestigator software (MBF Biosciences). Imaging was subsequently performed by capturing a series of completely
tessellated z stacked images (each 1 um thick) at depths from 2 to 12 um from the upper surface of each section at the level of the
striatum (thereby defining a 10 um-thick optical dissector). As counts were performed across the entirety of the striatum within a given
rostro-caudal plane, the grid size and counting frame were set to the same size of 420 x 320 mm. To minimize confounds arising from
surface irregularities, neuropil within a 2 pm ‘guard zone’ at the upper surface was not imaged. A neuron was counted if the top of its
nucleus came into focus within the dissector. If the nucleus was already in focus at the top of the 10 um-thick optical dissector the
neuron was excluded. Normalized positions were calculated as described in Garas et al. (2016), 2018. Mediolateral and dorsoventral
bias within each individual section was assessed by computing a Wilcoxon Sign rank test on the positions of all neurons across or
within groups to test whether they significantly differed from zero (minimum 8 neurons for a given section). In Figure 1K a dot repre-
sents the normalized average position of all labeled SPNs in a single section. Mediolateral and dorsoventral positions of GFP* and
TdTom™ neurons across animals were compared by computing a Wilcoxon sign rank test on the normalized position in each direction
for each section, when there was a minimum of 8 neurons of each type in a single section. In Figure 1K a line connects the average
position of labeled SPNs from the same section. DAB-immunoreactive SPNs were visualized on a brightfield microscope and were
reconstructed and analyzed using Neurolucida and Neuroexplorer software (MBF Biosciences). Only labeled SPNs that exhibited a
full dendritic arbor were included for analysis e.g., cells with clear truncations were not included in the dataset. Scholl analysis and
polarity analysis were performed using standard procedures. In brief, both Scholl and polarity plots were generated for individual
SPNs by calculating the total dendritic length located within 10° segments with increasing distance from the soma. The dendritic
lengths were subsequently normalized for an individual SPN and averaging the normalized plots of individual neurons generated final
plots. Spines were manually counted on at least two randomly selected dendritic segments from individual neurons per dendritic
class (e.g., secondary dendrite) and averaged. SPN reconstructions have been deposited on https://Neuromorpho.org.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments can be found in the respective Results sections and figure legends. All data are presented as
means + SEM. The ‘n’ refers to the number of animals/brains and ‘n/n’ refers first to the number of neurons and second to the number
of animals/brains used. Statistical tests were all two-tailed and performed using SPSS 17.0 (IBM SPSS statistics) or GraphPad Prism
version 5.0 (GraphPad software). Synaptic incidence ratios were compared with Fisher’s exact test. Continuous data were assessed
for normality using Kolmogorov-Smirnov and Shapiro-Wilk tests and appropriate parametric (ANOVA, paired t test and unpaired
t test) or non-parametric (Mann-Whitney U, Wilcoxon Sign Rank and Kruskal-Wallis) statistical tests were applied (* p < 0.05,
**p < 0.01, ** p < 0.001).
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